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Developing materials that can lead to compact versions of artificial neurons (neuristors) and synapses (memristors)
is the main aspiration of the nascent neuromorphic materials research field. Oscillating circuits are interesting as
neuristors, emulating the firing of action potentials. We present room-temperature self-oscillating devices fabricated
from epitaxial thin films of semiconducting TbMnO3. We show that these electrical oscillations induce concomitant
mechanical oscillations that produce audible sound waves, offering an additional degree of freedom to interface with
other devices. The intrinsic nature of the mechanism governing the oscillations gives rise to a high degree of control
and repeatability. Obtaining such properties in an epitaxial perovskite oxide, opens the way towards combining self-
oscillating properties with those of other piezoelectric, ferroelectric, or magnetic perovskite oxides to achieve hybrid
neuristor-memristor functionality in compact heterostuctures.
I. INTRODUCTION
Current-controlled Negative Differential Resistance (CC-
NDR) occurs when the voltage (V) across a material decreases
while the current (I) increases. I-V characteristics featuring
CC-NDR display a region of voltages, between the thresh-
old voltage, Vth, and the holding voltage, Vh, where multi-
ple current values are possible for a single voltage (see figure
1(a)). CC-NDR can be caused by different mechanisms, such
as impact ionization1–3 and metal-insulator transitions4–7, but
also by thermally activated and assisted mechanisms, such
as Schottky emission and Poole-Frenkel conduction.8–10. Al-
though material systems with CC-NDR have been found since
the 60’s11–18, the promise of energy-efficient, neuromorphic
hardware to perform in-memory and on-edge processing19–24,
has renewed interest and brought about a new wave of re-
search on this phenomenon.4,25–29 For instance, selector de-
vices are being implemented in memristor arrays, where the
highly non-linear NDR helps to reduce leakage and sneak path
currents.30 CC-NDR is also used to construct self-oscillators
with regular and chaotic oscillations and to emulate spiking
neurons.4,24,28,29,31–34
Although most recent work is focused on transition metal-
oxide systems, such as TaOx25,35,36, VOx4,37 and NbOx4,34,38,
the latter two also displaying Mott transitions above room
temperature, another class of well-known materials are ox-
ide perovskites. Heterostructures of these perovskites are rich
in functional properties39 and memristive and synaptic de-
vices have been fabricated with them.24,40–44 Selectors and
neuron-like devices made of these materials could allow for
heterostructures that combine neuristor and synaptic function-
ality in a compact manner. However, considering the many
mechanisms that can lead to CC-NDR, only relatively few
perovskite oxides have been shown to exhibit it, and most of
these studies were performed at low temperatures.15,45–47
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Here we present room-temperature CC-NDR in devices
fabricated from epitaxial thin films of semiconducting
TbMnO3. We show that the device can oscillate between high
and low resistance states and that these electrical and ther-
mal oscillations also give rise to mechanical oscillations pro-
ducing detectable and audible sound waves with extraordinary
endurance.
RESULTS
I-V measurements were carried out on TbMnO3 thin films
under DC voltage, which display CC-NDR in a highly repro-
ducible manner without the need of a forming step. Typi-
cal CC-NDR behaviour is observed with a smooth transition
for current-controlled I-V measurements (also referred to as
S-type NDR), while voltage-controlled measurements show
hysteresis (see figure 1(a)). At low V (< 1 V), an exponential
I vs. V dependence is found (see Supplementary Information),
originating from the p-n junction at the interface between the
p-type TbMnO3 and n-type Nb-doped SrTiO3.48,49 At higher
voltages (1 V < V < 1.68 V), the current is limited by series
resistances, including that of the TbMnO3 film and the Nb-
doped SrTiO3 substrate, and becomes linear. Above 1.68 V,
the transport becomes nonlinear again, ultimately leading to
the NDR regime with Vth= 1.9 V (ON-switching). On the re-
turn sweep, the OFF-switching takes place at Vh= 1.68 V. The
horizontal axes display the device voltage, Vdevice, corrected
for a series resistor added to prevent current overshoots, in-
stead of the applied voltage, V. It should also be noted that a
significant voltage will drop over the p-n junction at the in-
terface (up to 0.9 V), which means that the voltages that are
actually applied to the TbMnO3 film are smaller than what is
indicated by the horizontal axes in the figures.
A measurement of the resistance of the film shows that the
electrical transport of TbMnO3 around and above room tem-
perature is thermally activated, following
σ = σ0e−Ea/kBT (1)
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2FIG. 1. (a) Room temperature DC I-V measurement of a typical TbMnO3 device. The V-controlled curve (red) shows the abrupt jump from
the high-resistance (HR) state to the low-resistance (LR) state at Vth and vice versa on decreasing V for V< Vh. The current-controlled curve
(black) shows a smooth transition from the HR to the LR state. Inset graph shows the thermal activation of the transport and inset cartoon
shows the schematic device structure; (b) Pulsed I-V measurement for different pulse widths (∆t). Vdevice was calculated using the I, applied
V and a series resistance Rs= 500 Ω; Inset shows the Vth values for different ∆t; (c) Time-resolved I measurement during pulses with V= 7.45
V, ∆t= 10 μs, Rs= 600 Ω and varying rise times (tr). Below a certain tr, a transition is observed to a resistance state than is even lower than
that observed for the higher tr’s. Inset: Pulsed I-V measurement with different tr’s (∆t= 1 ms).
with an activation energy Ea of about 0.25 eV (see inset in
figure 1(a)), which is consistent with an activation energy
across a semiconducting band gap of Eg = 2Ea = 0.5 eV, in
agreement with the reported values in this material.50 Cur-
rent passing through the device causes Joule heating, which
increases the temperature of the device as T = Tamb+RthIV,
where Rth is the thermal resistance of the device, which in-
cludes the heat capacity and thermal conductance of the ac-
tive region to the surrounding material. Together with eq.
1, this gives rise to the CC-NDR behaviour: the dissipated
power increases the device temperature, which leads to a de-
crease in its resistance.3,51–53 This is not only true for the
activated electrical transport of eq. 1, but for all conduc-
tion mechanisms that depend superlinearly on temperature2,3,8
There are also mechanisms that are field-dependent, such as
avalanche/impact ionization1–3, often found in semiconduc-
tors as well. However, as the current usually increases enor-
mously when these mechanisms are triggered, producing ad-
ditional Joule heating, they are often difficult to separate from
temperature-activated effects.2,3 Another well-known mecha-
nism is the Mott metal-insulator transition4–7, which can be
triggered by temperature or electric field. TbMnO3 does not
have such a transition.
Pulsed I-V and transient measurements
A temperature effect requires some settling time, while an
electric field effect would show itself much faster (provided
a small electrical RC54,55). Pulsed I-V measurements can,
therefore, attest that thermal processes are at play. Figure 1(b)
shows the measurements for different pulse lengths, from ∆t=
10 μs to 2 ms. The inset shows the threshold voltage Vth ob-
tained from these measurements: shorter pulses drive Vth to
higher values, which is a result of the temperature not reaching
its steady-state value. For longer pulse widths, Vth approaches
a constant value, which indicates that the device temperature
is close to its steady state value corresponding to that applied
voltage.
Interestingly, at higher currents within the NDR region, we
observe that the device can further decrease its resistance if the
rise time (tr) of the pulse is short, as shown in the inset of fig-
ure 1(c) for tr= 1 μs compared to tr= 5 μs). To investigate the
origin of this phenomenon, we perform time-resolved current
measurements during the application of voltage pulses with
various tr (see figure 1(c)). These results shows that a smooth
transition to a higher current state takes place for tr< 300 ns.
The observation of this additional transition can be ex-
plained by the formation of a high-current density domain,
induced by the local increase of temperature, which has also
been referred to as "thermal filament".13,25,54–60 If the electri-
cal relaxation time of the measurement circuit, which is deter-
mined by the resistance and capacitance of the circuit and the
device, is slower than the thermal relaxation time, the temper-
ature of the device can keep up with the electrical input and
the device heats up gradually and relatively uniformly, as if it
were in a semi steady-state during the increase of voltage. As
the temperature of the material increases, its resistance goes
down and a larger fraction of the applied voltage will drop
in the series resistance (if there is one), limiting the electric
field over the material. If, on the other hand, the electrical re-
laxation time is faster than the thermal one, the electric field
on the material increases faster than the temperature can keep
up. A higher electric field than in the previous case is reached
across the device. In this scenario, field-activated transport,
such as Poole-Frenkel conduction, which is sensitive to fac-
tors like roughness and inhomogeneities in the material, can
be induced. Locally, large currents flow and high temperatures
3FIG. 2. (a) Time-resolved I measurements showing oscillations when 7V < V< 15 V, with V being the applied voltage (different from the
Vdevice ;(b) Schematic circuit used to measure and manipulate the oscillations. The load resistance RL and the parallel capacitance CP are
varied using a decade box, while another source of resistance comes from the Pulsed Measure Unit;(c) Comparison of the Fourier transform
of the electric oscillations, measured by the oscilloscope, and the acoustic signal, measured by the microphone;(d) Example of sustained
oscillations without damping;(e) Endurance measurement in four fresh devices, using four different values of parallel capacitance.
develop.54,56,59,60
Electrical oscillations and sound
As mentioned in the introduction, CC-NDR can be used to
make oscillators. To do this in our system, we place a re-
sistor in series and a capacitor in parallel to the device (see
figure 2(b)). This circuit is much like that of the Pearson-
Anson oscillator61, a type of Van der Pol oscillator.62 Under
and applied voltage (V), Vdevice will increase gradually, until
Vth is reached. The device then switches, its resistance drop-
ping faster than the voltage can keep up (caused by the larger
electrical RC), and the charge that was stored on the capacitor
is discharged through the device. As a result of the discharge,
the voltage over the device drops below Vh, after which the
current decreases abruptly, allowing the temperature of the
device to decrease and returning the device to its HR state.
Subsequently, the capacitor is allowed to charge again, which
marks the beginning of the next oscillation.
Figure 2(a) shows a series of measurements for various
pulse voltages, in which we observe the self-oscillations. A
pulse with a voltage that induces Vdevice< Vth does not lead
to oscillations (7V in this example). For V≥ 15 V, the fre-
quency and total power become too large for the device to
be able to cool down in between two heating events. In this
condition, the oscillations are damped and the system ends up
in the high-temperature, LR state. Note that the voltages are
rather high, which is the result of the large series resistance
we use (500 Ω) in order to observe the oscillations. Beside
the applied voltage, two other parameters that play a role in
the occurrence and frequency of oscillations in such a circuit
are the load resistance and parallel capacitance63,64 (see also
Supplementary Information, figures S2 and S3).
For frequencies below 20 kHz, the oscillations produce au-
dible sound waves. We recorded the audio signal with a mi-
crophone, with the spectrum of one such a recording shown in
figure 2(c), upon application of a DC voltage using a Source
Measure Unit (SMU). Since we are sourcing a DC voltage,
rather than using the Pulse Measure Unit (PMU), we use an
oscilloscope to record the electrical signal, which we connect
to the node in between the device and the series resistance
(see the red node in figure 2(b)). The Fourier transform of
the electrical signal is overlaid with the acoustic spectrum in
figure 2(c), clearly showing that the electrical and mechani-
cal oscillations have the same origin. A possible explanation
for this observation is the thermal expansion and contraction
induced in the material.
This concomitant mechanical response can raise questions
about the robustness of the oscillations and the possible aging
of the material. Therefore, we have investigated the endurance
of these devices. We use the same setup as mentioned in the
paragraph above, only this time we vary the parallel capaci-
tor in order to vary the oscillation frequency. The results for
four different devices with four different oscillation frequen-
cies are shown in figure 2(e) and an example of sustained os-
cillations in figure 2(d). We find that the oscillator endures at
least 1011 cycles at 135 kHz, while the devices set to oscillate
at lower frequencies are stable for at least 107 cycles. These
values act as a lower limit for the actual endurance, as the
measurement were deliberately stopped after a few hours (or
days, in the case of 135 kHz). The observed variability above
108 cycles could be due to a slow change in the ambient con-
ditions over the course of hours. We also observed that some
devices would stop oscillating occasionally, but adjusting the
voltage was enough to re-initiate the oscillations. Probably a
change in ambient conditions caused the device to drop out
of the parameter range for the devices to oscillate. We have
not seen any device breaking down during or after cycling.
As we varied the frequency by varying the parallel capaci-
tance, the lower frequency oscillations are accompanied by
larger discharge currents when the device switches. The fact
4that these devices can withstand these currents (and the ac-
companying temperatures, which can reach several hundreds
of Kelvin higher locally54,56,59,60) attest to the robustness of
the devices.
DISCUSSION
Several remarks can be made about these results. Firstly,
for these devices to be used as selectors in memristor arrays,
ideally Vth< 1 V, the ON-OFF ratio larger than 1000 and the
current in the OFF-state as low as possible65,66, these require-
ments likely being similar for efficient oscillators. These char-
acteristics are less favourable in the devices described in this
work than in devices made of NbO2, VO2 and TaOx thus far, as
expected, as these other systems have been optimized for this
purpose for many years. The expectation is that the optimiza-
tion in TbMnO3 can be accelerated as some of the insights
from that work, such as the role of device geometry and di-
mensions, can directly be transferred to this material.55,63,67,68
Additional support for this expectation is that in NbO2 and
TaOx the mechanism causing the CC-NDR is believed to be
the Poole-Frenkel effect. In the low-field regime, NbO2 has
an activation energy in the range of 0.3-0.67 eV9,55,69 and
TaOx in the range of 0.24 eV-0.44 eV57, both depending on
oxygen content, This compares well with that of TbMnO3.
Although it is not clear to what extent the Poole-Frenkel
mechanism plays a role in TbMnO3, it is likely that it does,
as TbMnO3 has a smaller dielectric constant than these two
materials.9,57,70
Moreover, the large variety of polymorphs in transition
metal simple oxides such as NbO2 and TaOx is a concern,
as their electric properties (especially the activation energy)
depend strongly on their stoichiometry9,57,69,71 In contrast, in
preparation for this work we have deposited TbMnO3 under
various growth conditions, yet the resulting activation energy
is nearly identical (≈ 0.25 eV). See for more details table S1
in the Supplementary Information.
Several reports on NbO233,72,73 and TaOx36 indicate that a
forming step is required to initiate threshold switching and
fast oscillations in large devices. Forming confines the cur-
rent in smaller volume filaments that can heat up and cool
down faster, producing faster oscillation frequencies.66,67,74.
In this work we did not require a forming step; however, we
did observe that, whenever we deliberately damage a device
by passing a high current through it (>100 mA) the oscilla-
tion frequency would increase substantially. The damage is
observed as a permanent change in the electrical behaviour
of the device as well as a visually damaged electrode. The
increase in frequency could be explained either by the for-
mation of a filament with different chemical composition or
by the delamination of the electrode caused by the extreme
heat that is produced during the thermal runaway54,75,76. Both
would lead to a smaller volume that is heated and therefore a
higher oscillation frequency. Compared to requiring forming
steps or inducing damage, miniaturization of these device is a
more controlled way to obtain higher frequencies.
Additionally, as mentioned earlier, the voltages reported in
this work include a voltage drop on the p-n junction at the
interface between the TbMnO3 film and the Nb-doped SrTiO3
substrate. In order to operate the device at a lower voltage, this
extra voltage drop is unwanted. Making use of a lateral device
geometry, e.g. on non-doped SrTiO3, or by making use of a
bottom electrode that forms an ohmic interface with TbMnO3
would both prevent this issue.
Coupling oscillators is of great interest to neuromorphic
computing strategies22,31,77,78. The coupling can be done
electrically31,32,78, but recently it was shown that these oscil-
lators based on Joule heating can be coupled through temper-
ature as well79. The mechanical response of the TbMnO3 in
this work potentially allows for an additional way of coupling,
not only to other oscillators but also to piezoelectric materials,
which can be in the same heterostructure or in a distant device,
using the acoustic signal as wireless communication.
Finally, the phenomena shown here are also expected in
other perovskites with similar electronic band structures, en-
hancing the prospects for combinations of different neu-
romorphic functionalities in a single compact heterostruc-
ture. Indeed, in studies about unrelated phenomena, sev-
eral perovskite manganites have shown CC-NDR, albeit in
bulk form or (well) below room temperature (e.g. the well-
known manganite Pr1−xCaxMnO3) possibly all caused by
Joule heating.15,80,81 Also, several perovskites exist that show
an insulator-metal transition, such as nickelates82–84 and sev-
eral manganites85,86, which would, just like in NbO2 and
VO2, enhance the ON-OFF ratio of these devices. In addi-
tion, the transition temperature in these materials is tunable
by composition28,82–84,87 and strain,28,84,87 granting additional
design flexibility.
CONCLUSION
In summary, we have shown that CC-NDR is found in thin
films of TbMnO3. All the experiments, including pulsed I-V
measurements, are consistent with Joule heating as the origin
of the NDR effect. We found that the rate at which the voltage
is applied has an influence on the final resistance of the de-
vice, which could indicate the formation of high-temperature
current constriction. As expected, the device produces cur-
rent oscillations if a Pearson-Anson circuit is created with it.
The frequency of the electrical oscillations reaches up to 200
kHz, while below 20kHz the oscillations are concomitant with
sound waves of the same frequency, which can be detected by
a piezoelectric. Even though the sound waves indicate a large
mechanical response of the material, the endurance is high.
The limits of the endurance have not been tested in this work.
This work could be a first step on the development of ox-
ide perovskite heterostructures with combined neuromorphic
functionalities. Future research should be performed to design
devices that can profit from both the electrical and acoustic
nature of the oscillations. As an example, oscillator networks
could benefit from the possibility of using acoustic waves to
do the coupling or low frequency electrical signals could be
transmitted wireless through limited distances using a piezo-
electric receiver.
5METHODS
Following previous work88, epitaxial thin films of TbMnO3
with a thickness of 60 nm were grown on single-terminated
Nb-doped SrTiO3 substrates by Pulsed Laser Deposition, us-
ing an oxygen pressure of 0.9 mbar, a laser fluence of 2.35
J/cm2, a heater temperature of 750 ◦C, a target-heater distance
of 55 mm and repetition rate of 1 Hz, produced by a 248 nm
excimer laser.
On top of the film, circular Pt electrodes with a thickness
of 80 nm and diameter of 10 μm were fabricated using pho-
tolithography and e-beam evaporation. To provide an ohmic
contact with the Nb-doped SrTiO3 electrode89, a layer of Ti
(10 nm) was evaporated to the bottom side of the substrate,
capped with a layer of Pt (50 nm) (figure 1(a)). Electri-
cal measurements were performed using a Keithley 4200A-
SCS parameter analyzer equipped with Source Measure Units
(SMUs) and a Pulse Measure Unit (PMU), and a LeCroy 9410
Oscilloscope. Audio recordings were taken using a Samson
C02 commercial condenser microphone and a Zoom H6 in-
terface.
DATA AVAILABILITY
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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FIG. S1: At low voltages and currents, the I-V measurement shows a clear diode characteristic, caused by the p-n
junction at the interface of the TbMnO3 film and Nb-doped SrTiO3 substrate.
Sample name Pressure Temperature Fluence Frequency Ea
(mbar) (◦C) (J/cm2) (Hz) (eV)
MS158 0.5 750 2 1 0.23
MS159 0.25 750 2 1 0.26
MS160 0.5 750 2 0.5 0.27
MS185 0.007 800 1 5 0.28
MS191 0.01 800 1 5 0.26
MS193 0.01 800 2.35 1 0.23
MS147 0.9 750 2.35 1 0.24
TABLE S1: Activation energies for films grown at various growth parameters. The pressure and energy are varied
over a rather large range, yet the activation energy hardly differs.
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2FIG. S2: Oscillation frequency as function of applied voltage for various parallel capacitances Cp. For each
capacitance there is a maximum and a minimum voltage above and below which the device does not oscillate.
Within the range, there is a smaller range in which the frequency depends linearly on voltage.
FIG. S3: Upper and lower limits of the oscillation range for a fixed Cp and varying applied voltage and RL.
